Abstract. Polymeric matrices with stabilized metallic nanoparticles constitute an important class of nanostructured materials, because polymer technology allows fabrication of components with various electronic, magnetic and mechanical properties. The porous cellulose matrix has been shown to be a useful support material for platinum, palladium, silver, copper and nickel nanoparticles. In the present study, nanosized cobalt particles with enhanced magnetic properties were made by chemical reduction within a microcrystalline cellulose (MCC) matrix. Two different chemical reducers, NaBH4 and NaH2PO2, were used, and the so-formed nanoparticles were characterized with X-ray absorption spectroscopy, X-ray diffraction, scanning electron microscopy and transmission electron microscopy. These experimental techniques were used to gain insight into the effect of different synthesis routes on structural properties of the nanoparticles. Magnetic properties of the nanoparticles were studied using a vibrating sample magnetometer. Particles made via the NaBH4 reduction were amorphous Co-B or Co oxide composites with diminished ferromagnetic behaviour and particles made via the NaH2PO2 reduction were well-ordered ferromagnetic hcp cobalt nanocrystals.
Introduction
Magnetic nanoparticles have been the topic of a number of studies due to their applications e.g. in high-density magnetic recording devices or magnetic sensors [1] . The unique properties of nanoparticles are determined primarily by the fact that most of the atoms in the particle belong to its surface [2] . In addition, crystallinity, size distribution, shape of particles and proximity of neighbouring particles affect the response of material when a magnetic field is applied to it [3] . Naturally the chemical neighborhood of surface atoms affects electrical and magnetic properties of the particle and from this point of view the medium or matrix in which nanoparticles are embedded should have an essential influence on the properties of nanoparticles itself. Also, by dispersing nanoparticles into a matrix, the distance between neighbouring particles can be manipulated.
Polymeric matrices with stabilized magnetic nanoparticles constitute an important class of nanostructured materials, because polymer technology allows the fabrication of components with various electronic, magnetic and mechanical properties [3, 4] . Porous supports for nanosized particles have been used to enhance the catalytic activity of metals and their oxides, and to control the growth and properties of nanoparticles. For example, nanosized Agparticles have been produced by using starch biopolymer support, with size controlled growth of particles with size ranges from 10 to 30 nm [5] . Also, stable Ag-nanoparticles with very narrow size distributions have been produced in an agar-agar matrix [6] . Recently, there have been studies of living plants or bacteria as biological factories for synthesizing metallic nanoparticles. In the studies by GardeaTorresdey et al., metallophytes (i.e. metal tolerant plants) were used to make crystalline Au and Ag nanoparticles [7, 8] . Some bacteria are known to actively uptake and bioreduce metal ions from solutions and synthesize magnetic nanoparticles [9, 10] .
In addition, a multitude of different support materials have been invented and used, but the need for biodegradable, economic, and on the other hand, widely available materials for supports, is substantial. Natural polymers have been used as supports and stabilizers for biologically active compounds for decades [11] . The porous cellulose matrix has been described as a template for metal nanosized particles and it has been shown to be a useful support material for platinum, palladium, silver, copper and nickel nanoparticles. In these cases the cellulose fibre surfaces affected the nanoparticle formation, and nucleation and growth seemed to occur at least partially at pores and crevices of the cellulose fibres.
Conventionally, the composites have been made mechanically by mixing metal nanoparticles into molten or dissolved polymer matrix. This method often leads to an inhomogenous dispersion of particles [1] . Thus considerable attention has been paid in the in situ chemical synthesis of metal nanoparticles in polymer matrices.
Over the last 40 years, borohydride (BH − 4 ) reduction of metal ions has been used extensively for the formation of metallic particles. In 1979 Dragieva et al. [12] reported that amorphous transition-metal boron alloys can be produced by chemical reduction of aqueous solutions of transition metal salts with NaBH 4 . Since that time, quite a number of studies have dealt with structural and magnetic properties of Co-B composite particles prepared by this technique. The effects of reaction conditions on nanosized particles in the borohydride reduction process were studied systematically by Glavee et al. [13, 14] . According to their studies, the primary product of this reaction, when carried out in aqueous medium, are either nanosized Co 2 B or Co(BO 2 ) 2 particles depending on the specific mixing procedures and product handling. However, when the same reaction was carried out in non-aqueous medium, primary products were metallic Co-particles. The use of hypophosphite (H 2 PO − 2 ) reduction for making metallic nanoparticles is far less common, and the reduction process has not been systematically studied. Previously, NaH 2 PO 2 has been used for making of nickel and nickel phosphate particles in inert conditions [15] . It was observed that particle size could be controlled through the ratio H 2 PO − 2 /Ni 2+ so that small particles had a large phosphorus content and vice versa. The smallest particles were amorphous and 27 nm in diameter on the basis of transmission electron microscopy. Upon heating, crystalline phases of fcc Ni and tetragonal Ni 3 P emerged. Quite similar results were acquired in our previous study [16] , where nickel nanoparticles were chemically made, by using KH 2 PO 2 as a reducer, inside a microcrystalline cellulose matrix. The resulting particles were amorphous Ni-P composites, with particle sizes ranging from few nanometres to much larger aggregates with sizes up to micrometre range.
Electron microscopy has been used extensively to study the morphology of magnetic transition metal nanoparticles. In the case of crystalline particles, crystal structure and average size of crystallites has been obtained with Xray diffraction. In the case of non-crystalline or weakly ordered materials, X-ray absorption spectroscopy has been widely used to probe chemical neighborhood and coordination of atom species of interest [17] . The near-edge region of absorption spectrum gives information on oxidation and chemical bonding of transition metal atoms in the nanoparticles, as well as an estimation for mass fraction of studied atom species in the sample. In principle, the magnetic properties of samples can be correlated with the structure of nanoparticles. In this work, X-ray absorption spectroscopy (XAS), wide-angle X-ray scattering (WAXS), electron microscopy in transmission and scanning modes (TEM and SEM) were used to study the structure and morphology of cobalt particles embedded in a cellulose matrix. The magnetic properties of samples were studied using a vibrating sample magnetometer (VSM). The reduction of Co 2+ was carried out by adding a mixture of 10 ml (6 M) solution of sodium hydroxide and 10 ml solution of NaH 2 PO 2 ·H 2 O to the obtained suspension and intensive stirring was continued for 15 to 180 minutes at 368 K. The concentration of NaH 2 PO 2 varied between 3 to 8 mol/l.
Sample preparation

Methods
Scanning electron microscopy
The micrometre-scale structures of microcrystalline cellulose samples and those subjected to chemical treatment were studied by scanning electron microscopy using a Jeol JCM-35 CF (Jeol, UK) instrument. To obtain micrographs, the samples were preliminarily mounted on an aluminum support covered with a carbon layer in a special chamber, and then sputtered under inert gas using a gold target.
Transmission electron microscopy
Transmission electron microscopy (TEM) micrographs were obtained at the Helsinki University of Technology using a FEI Tecnai 12 TEM with a LaB 6 thermionic gun operating at 120 kV. The powder samples were moulded into Ebonite-12 epoxy. Then the epoxy-sample pieces were cut by Leica Ultracut ultramicrotome. Thickness of slices was 70 nm and they were placed on copper grids. Micrographs were taken using the bright field mode.
Wide-angle X-ray scattering
Wide-angle X-ray scattering measurements were carried out in perpendicular transmission geometry using Cu Kα 1 radiation. A setup with a Rigaku rotating anode (fine focus) X-ray tube and a MAR345 image plate detector was used. The beam was monochromated and focused to detector with a bent Si(111) crystal and a totally reflecting mirror. Samples were heated in situ under helium atmosphere with a Linkam heating stage. Heating was started at room temperature of 303 K, and temperature was raised to 323, 373, 423, 473, 523, 573, 623 and finally 673 K with a gradient of 10 K/min. After that the sample was cooled back to 303 K. After each temperature step, a 5 minute pause was kept to ensure an isotropic distribution of heat in the sample. In each temperature step the diffraction pattern was cumulated for 15 minutes. The intensities were corrected for absorption of radiation and a geometrical factor to compensate for flat detector. The angular range was calibrated with silver behenate and silicon standards. The useful q-range of detector was from 0.5 to 3.5 1/Å. The length of the scattering vector q is defined as q = 4π sin(θ)/λ, where θ is the Bragg angle and λ is the wavelength of the used radiation. Broadening of diffraction maxima due to instrument was determined to be 0.2
• at 47
• . The average size of crystallites, B hkl was determined by using the Scherrer formula
where θ hkl is the angle of hkl reflection, (∆2θ) hkl is the full width at half maximum (FWHM) of the diffraction maximum hkl in radians and (∆2θ) inst is instrumental broadening in radians [18] . In Eq. 1 shape of diffraction maximum is taken to be Gaussian. The heating degraded the cellulose and for that reason the heated samples were not used again in any other experiments in this study.
X-ray absorption
The X-ray absorption measurements were conducted at experimental station X1 (Römö II) at HASYLAB, Hamburg. Absorption spectra of the samples were measured by three ionization chambers, which monitored beam intensity before and after the sample and a reference sample. Absorption spectra were measured around the cobalt Kabsorption edge (7709 eV) with an energy range from 7509 eV to 8709 eV. A step-by-step energy scan was used and a typical scan took 1-2 hours. For optimal detector performance, ionization chambers were filled with Ar-gas with optimal gas pressures calculated with the XAFSmass [19] computer software. To remove effects such as the high absorption by air and the resulting high pass filtering of the X-ray beam, the sample was placed in a vacuum chamber. During the measurements, chamber air pressure was around 3 × 10 −3 mbar. The EXAFS (Extended X-ray Absorption Fine Structure) oscillations were acquired from measured absorption spectra using the Viper computer software [20] . FEFF 8.2 [21, 22] was used to calculate theoretical oscillations of different cobalt structures. Viper was also used for k-space fitting.
Experimental data were reduced by standard data procedures in Viper. Background subtraction was done by fitting a third degree polynomial to pre-edge part of the spectrum and a smooth curve to atomic absorption part of the spectrum. Normalization was done by dividing the data by height of the edge step. Energy scale was transformed to wave number k-space and multiplied by factor of k 3 or k 2 . The phase shifted radial distribution function in r-space was obtained via Fourier transformation with a Gaussian-rounded ends window function. The main peak contribution to χ(k) was obtained by using a Hanning window function and back transforming over r space range 0.5 − 2.75Å for samples 3, 4, 5, 6, 0.5 − 3.20Å for sample 1 and 0.5 − 2.75Å for sample 2. A curve-fitting analysis was done first in k-space for the original χ(k), and the fitting result was then checked and adjusted for filtered oscillations. The fitting in Viper was done by using the basic single scattering EXAFS equation
( [23] and crystallographic data was used to generate the feff.inp files, which were used for simulation of EXAFS oscillations. FEFF8 generated a large number of scattering paths. Only few first scattering paths were used in Viper program, because Viper uses the EXAFS formula based on single-scattering approximation. Amplitude reduction factor S 2 0 was calculated by fitting to experimental Co-foil calibration sample data using both Viper and IFEFFIT programs [24] .
In all cases many different fits were applied, and the fit, which gave the lowest value for the R-factor (normalized rms-difference between model and experimental curves), was chosen. For the samples, in which the reducer was NaH 2 PO 2 (samples 3, 4, 5 and 6), best results were gained by fitting two Co-Co environments with slightly different distances. The fitting results corresponded very well with two first scattering shells of metallic hcp Co. In the case of hcp structure, 1st and 2nd coordination shells coincide with each other, so they can be regarded as one, hence the coordination number of this shell is the sum N 1 + N 2 . Theoretical coordination number for bulk hcp structure is 12. For sample 1, the best fit was achieved by using one Co-O environment and three Co-Co environments with different distances. For sample 2, Co-B and Co-Co environments gave the best results.
The mass fraction of Co in the samples was extracted from unnormalized absorption µ(E)D. Experimental intensity at pre-edge region and at after-edge region were fitted with straight lines in order to determine the edge jump. Theoretical edge jump in the mass absorption coefficient µ/ρ is about 300 cm 2 g −1 for Co K-edge [25] . The mass fraction of cobalt, w Co , in samples were calculated as [26] 
where µ is the linear absorption coefficient, ∆(µD) is the measured edge jump, D is the sample thickness, and ∆(µ/ρ) is the theoretical edge jump. Area of the sample is A and mass of the sample is m s . Calculated mass fractions for cobalt in samples are shown in table 1. X-ray absorption near edge structure (XANES) data were normalized by subtracting the line fitted to region below the edge and by fitting a line above the edge for which absorption was set to 1 at 7740 eV.
Magnetic properties
Magnetic properties of the samples were measured using a Princeton Measurements Corporation (PMC) Micromag model 3900 VSM (Vibrating Sample Magnetometer) at room temperature. About 10 -30 mg of sample powder was used in one measurement. Magnetization values given in this study are normalized to mass of cobalt in the sample, determined with X-ray absorption method. Field strengths are given in Tesla and are thus multiplied by permeability of free space. Magnetic measurements were done at a very late stage of this study, so powders which constitute the samples were scarce. Only for samples 2, 4, 5 and 6 there was enough of the powder left for magnetic studies. Quite fortunately, in this group is at least one sample from each of the different synthesis routes.
Results and discussion
The micrometre-scale structure of all the samples was studied with SEM ( Fig. 1) . Spherical particles of various sizes were observed in pores or crevices on the surface of fibrous cellulose. In some cases, particles were merged together to form larger aggregates.
In addition, nanometre-scale structure of one of the samples prepared via NaH 2 PO 2 reduction (sample 3b) was studied by TEM (Fig. 2) . The nanometre-scale size distribution of nanoparticles, as shown in Fig. 3 , was obtained from TEM micrograph. The size distribution of particles shows that the average size of the particles is about 7.4 nm. The smallest particles that can be seen in the figure are about 3 nm and the largest particles are about 14 nm. On the other hand, the small amount of particles seen in TEM micrograph make any qualitative results at best dubious due to statistical inaccuracy. Even so, the TEM results are presented as quantitative proof for the existence of nanometre sized particles.
Samples 1 and 2, prepared via the NaBH 4 reduction
X-ray diffraction measurements in room temperature were mostly inconclusive. Diffraction pattern from crystalline cellulose could be seen clearly in all the samples, but aside from that, there were no other well-defined diffraction maxima in the measured angular range. However, a very faint and broad intensity distribution was found with at 3.06 1/Å. Diffraction patterns are shown in Fig. 4 .
Heating of these samples did not produce any additional diffraction peaks arising from nanoparticles, however at temperatures between 573-623 K, cellulose in the samples degraded and the respective diffraction pattern vanished. Also, the diffraction maxima shifted to slightly higher values due to thermal expansion of lattice planes. The anomalous faint maxima at 3.06 1/Å retained its form through the heating process, and can thus be linked to particles themselves with a certainty. However, the low signal-to-noise ratio of the respective maximum inhibited any detailed analysis. The faint maximum is assumed to arise from a disordered cobalt phase.
The absolute of Fourier transform (FT) of measured EXAFS k-space oscillations multiplied by different k-weights, |FT{k n χ(k)}|, is shown in Fig. 8 . As can be seen from the figure, the relative intensities of different peaks are modified with different k-weights. This is often a consequence of more than one constituent atomic species in the sample, to be more specific, the existence of heavy elements (cobalt) and light elements (oxygen, as an educated guess). It is well known that if intensity of a peak increases with the growing k-weight, the peak arises from the heavier element [27] . This effect is due to difference in backscattering amplitudes f (k) of atoms of different species. As a result, the particles of samples 1 and 2 are assumed to be composites of cobalt and some significantly lighter element, such as oxygen or boron.
Measured EXAFS k-space oscillations of the samples were fitted with coordination shells from two possible crystal phases of cobalt, namely the fcc and hcp crystal structures of cobalt. None of these models corresponded well to measured k-space oscillations. Near-edge region of absorption spectra (Fig. 7) suggested the existence of a nontrivial chemical neighborhood for cobalt atoms, for the "white line" right before or after absorption edge and energy shift of the edge are often related to changes in the formal chemical valence of studied atom species [28, 17] , and thus Co-O environments were also tested. In addition, due to earlier studies by Glavee et al. [13, 14] concerning the chemical making of nanoparticles via borohydride reduction, Co-B and Co-Co environments corresponding to shells from Co 2 B were also fitted to measured EXAFS oscillations. One of the most consistent k-space fits are shown in Fig. 12 . The original non-filtered oscillations are shown in Fig. 13 . For sample 1, the best fit was acquired by using Co-O environment and Co-Co environments with three different distances ( Table 2) . For sample 2, the best fit was acquired by using Co-B and Co-Co environments (Table 2) .
Magnetic hysteresis curves for the samples are shown in Fig. 14 . Values for saturation M s , coercivity H c and remanent magnetization M r were extracted from the measured hysteresis curves and the coercivity of remanence H cr was determined from the backfield demagnetization (Table 4) . Of all the samples included in the measurements of magnetic properties (see Sec. 3.5), sample 2 had the lowest values for saturation magnetization, which was more or less half of the value acquired for samples made via NaH 2 PO 2 reduction. One explanation for this is oxidation of the respective sample, for it has been shown in many cases that metal oxides have reduced magnetic activity compared to pure metals of the same atomic species [29] , mostly due to antiferromagnetic or ferrimagnetic nature of these materials. On the other hand, surface oxidation of transition metal particles leads to a core-shell structure which can have a beneficial effect on the magnetic properties. If the core of the particle is metallic (ferromagnetic) and the shell is composed of metal oxides (antiferromagnetic), the interfacial coupling between core and shell is known to increase coercivity and remanence, but reduce saturation magnetization due to loss of net moment in the antiferromagnetic oxide shell. Oxide shells generally have small, on the order of few nanometres, crystallites which allows them to remain undetected in most X-ray diffraction measurements [3] . Thus a signal in our diffraction apparatus from such small crystallites would have been negligible. However, this does not seem to be the case in sample 2, for coercivity and remanence have much lower values than in the other measured samples. These results rule out the possibility of a metal-oxide core-shell structure and promote the existence of metal oxide particles. Diminished ferromagnetic behaviour can be explained by disorder in the ferromagnetic phase. A disordered, and at least partly oxidized cobalt phase is very likely according to our results. It is also in complete agreement with previous studies in the chemical making of metal particles with NaBH 4 reduction [3, [12] [13] [14] 16] .
According to the results, made particles are amorphous and are most likely composed of Co-B or Co oxide.
4.2 Samples 3, 4, 5 and 6, prepared via the NaH 2 PO 2 reduction X-ray diffraction measurements in room temperature showed three distinct diffraction maxima in addition to characteristic diffraction pattern of MCC (Fig. 5) . Positions of the respective maxima were found to be at (2.91 ± 0.03), Table 3 . EXAFS fit parameters for samples 3,4,5 and 6. Number of the sample and goodness of the respective fit as a Rfactor are given in the first row. In second row is the fitted Co-environment. Parameter r is coordination shell distance from the central atom, N is coordination number and σ 2 is the Debye-Waller factor. Fig. 6 . Although in general the average crystallite size for samples 3, 3b, 4 and 5 was about 6 nm, sample 6 seemed to have crystallites with more than twice that size. Upon heating, the crystallite sizes for samples 3, 3b, 4 and 5 increased somewhat, which is an indication of increased crystal order due to heating. Again sample 6 proved controversial as heating produced a slight reduction in the crystallite size. Absolute of Fourier transform (FT) of measured EX-AFS k-space oscillations multiplied by different k-weights, |FT{k n χ(k)}|, is shown in Fig. 9 . As can be seen from the figure, the relative intensities of different peaks remain the same with different k-weights. This is often the case when only one atomic species dominates in composition of the sample. As an approximation, particles in samples 3, 3b, 4, 5 and 6 are thus assumed to consist of only one atomic species. Near-edge region of absorption spectra (Fig. 7) for these samples show a very close resemblance to the spectrum measured from the cobalt foil calibration sample. This indicates that cobalt atoms in these samples are on average in a chemical neighbourhood similar to cobalt atoms in a bulk sample.
Measured EXAFS k-space oscillations were fitted with coordination shells from several possible crystal phases of cobalt, namely fcc and hcp crystal structures of cobalt, and in addition some oxides of cobalt. The more exotic cobalt variants, e.g. the epsilon and forced bcc crystal structures, were not included in this study due to their very rare occurences. The most consistent fits were gained with hcp cobalt. Fitted k-space oscillations are shown in Fig. 10 and the corresponding r-space fit in Fig. 11 . The fitting parameters are given in Table 3 . Coordination numbers, Debye-Waller factors and coordination shell distances were more or less the same that would be expected in wellordered cobalt crystals. Magnetic hysteresis curves for the samples are shown in Fig. 14 . Values for saturation M s , coercivity H c and remanent magnetization M r were extracted from measured hysteresis curves and the coercivity of remanence H cr was determined from the backfield demagnetization. According to hysteresis curves, the samples made via NaH 2 PO 2 reduction are clearly ferromagnetic. Saturation magnetization values were lower and coercivity values were higher than the respective values for bulk metallic cobalt. High values for coercivity in these samples suggest the existence of magnetic single domain nanoparticles. In single domain ferromagnetic particles, the changes in magnetization can no longer occur through domain wall motion but instead require coherent rotation of spins, therefore resulting in larger coercivities.
According to the results, the made particles are wellordered hcp cobalt nanocrystals with particle sizes in nanometre regime. However, there are also much larger cobalt aggregates with sizes in micrometre range, although the particle size distribution appears to be dominated by the smaller, nanometre sized particles. Magnetic properties of the samples show that the smaller particles are single domain.
Conclusions
Cellulose was succesfully used as a support for amorphous and crystalline cobalt nanoparticles. Chemical synthesis route affected the coordination of Co atoms, the composition of nanoparticles and therefore also the magnetic properties. In the samples prepared with reducer NaBH 4 , the nanoparticles were disordered and composed of Co, B and O. Magnetic properties were clearly diminished compared to bulk cobalt. In the samples prepared with reducer NaH 2 PO 2 , the nanoparticles were well-ordered hcp nanocrystals with average crystallite sizes ranging from 5.3 to 6.3 nm and small amounts of larger aggregates in micrometre range. Magnetic properties of samples were near values reported for bulk cobalt. However, saturation magnetization was lower while coercivity was higher, which can be explained by the existence of particles with single magnetic domains.
According to X-ray diffraction, crystalline arrangement of cellulose matrix did not change due to chemical processing and intercalation of the nanoparticles.
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